ABSTRACT X-ray diffraction analysis of pressure-induced structural changes in the Aequorea yellow fluorescent protein Citrine reveals the structural basis for the continuous fluorescence peak shift from yellow to green that is observed on pressurization. This fluorescence peak shift is caused by a reorientation of the two elements of the Citrine chromophore. This study describes the structural linkages in Citrine that are responsible for the local reorientation of the chromophore. The deformation of the Citrine chromophore is actuated by the differential motion of two clusters of atoms that compose the b-barrel scaffold of the molecule, resulting in a slight bending of the b-barrel. The high-pressure structures also show a perturbation of the hydrogen bonding network that stabilizes the excited state of the Citrine chromophore. The perturbation of this network is implicated in the reduction of fluorescence intensity of Citrine. The blue-shift of the Citrine fluorescence spectrum resulting from the bending of the b-barrel provides structural insight into the transient blue-shifting of isolated yellow fluorescent protein molecules under ambient conditions and suggests mechanisms to alter the time-dependent behavior of Citrine under ambient conditions.
INTRODUCTION
It has long been appreciated that the three-dimensional structure of a protein molecule can exert a strong influence over the active site of the molecule (1) . This linkage permits allosteric binding of ligands and processing of substrates. Examples of this include the R to T transition in hemoglobin (1), the allosteric inhibition of phosphofructokinase by phosphoenolpyruvate (2) , and the gating of ion channels (3) . Small structural changes, sometimes <1 Å in magnitude, in a distant part of the molecule may be communicated through the protein matrix to an active and/or binding site, promoting a change in binding constant, catalytic rate, or other functional change.
Although allosteric effects in protein molecules are the most common example of the coupling between the overall structure of a protein molecule and its active sites, they are not the only example of effects of this type. Protein atomic structures solved at pressures up to a few hundred MPa (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) indicate that atoms in protein molecules are typically displaced by z0.1-1 Å from their ambient pressure positions. Pressures in the same range also significantly modify protein function (14) . For example, the flash decay rate of firefly luciferase is reduced (15) , the R to T transition in human hemoglobin is biased (16) and oxidation rates by morphinone reductase are substantially increased (17) . The results from these studies suggest that subtle changes in protein structure caused by pressure can have a profound effect on function. However, specific details on the exact linkages that are involved in the coupling of structure and function as a function of pressure have been lacking.
To systematically investigate the effect of pressure on protein structure and function, we studied the Aequorea yellow fluorescent protein (YFP) (18, 19) variant, Citrine (20) , using x-ray crystallography and fluorescence spectroscopy in the pressure range 0.1-5 MPa. In this case ''function'' is understood to refer to fluorescence. Citrine was chosen for this study as its bright intrinsic fluorescence could be readily assayed under conditions similar to that required by crystallography. We previously reported a direct correlation between a progressive subangstrom deformation of the Citrine chromophore and a corresponding change in the fluorescence spectrum of the molecule (13) . In this study, we extend this work to describe how global structural changes in the larger protein matrix couple to the local deformation of the chromophore. Additionally, we report the pressureinduced structural changes that are responsible for a change in the fluorescence intensity.
The YFP family is distinguished from the Aequorea green fluorescent protein (GFP) family by the mutation T203Y. This mutation stacks a phenol ring z3.4 Å above the phenol ring of the wild-type main chromophore. The main chromophore is formed by the autocatalytic fusion of residues 65-67 and is referred to as residue 66. The weak interaction of the main chromophore and the phenol ring of Tyr 203 is responsible for shifting the fluorescence peak of Citrine from green to yellow (18) .
The majority of the Citrine scaffold is a b-barrel structure, approximately cylindrical with a diameter of z25 Å and a height of z50 Å (Fig. 1) . Tyr 203 forms part of the wall of the Citrine b-barrel, and its side chain, a phenol ring, projects into the interior of the b-barrel. The main chromophore is attached to a 3-10 helix that threads through the center of the b-barrel. The top and bottom of the b-barrel consist of loops and the N-terminus a-helix.
We showed previously that the pressure-induced reorientation of the main chromophore and the Tyr 203 phenol leads to a shift in the fluorescence peak of the Citrine from 527 nm at ambient pressure to 510 nm at pressures >350 MPa (13) . As the pressure applied to Citrine is increased from ambient pressure to 500 MPa, the main chromophore moves continuously by z0.5 Å in the positive y-direction shown in Fig. 1 and z0.4 Å in the positive x-direction from its ambient pressure position relative to Tyr 203 . This small deformation removes the perturbing influence of Tyr 203 and permits the main chromophore to return to its green fluorescent state. An estimate of the effect of removing this perturbation on the fluorescence peak of Citrine is included in Section S1 of the Supporting Material.
To understand what global structural changes in the scaffold of Citrine are responsible for the local deformation observed at the chromophore, we analyzed the motion of individual residues as well as groups of residues in the crystal structures obtained at high pressure. The results of this analysis show that the chromophore motion is actuated by the concerted, differential motion of two groups of residues in the b-barrel wall and central 3-10 helix of the Citrine molecule. These results support the view that small global changes to the structure of a protein can be communicated to the active site and greatly affect its function. They also suggest that protein function may be modified by introducing mutations that affect the relative positions and motion of clusters of residues that may exist within a single domain of the protein.
EXPERIMENTAL PROCEDURES
Crystals of Citrine were grown as described previously (13) . A closely spaced series of high-pressure structures of Citrine were solved using the high-pressure cryocooling x-ray crystallography technique developed by Kim et al. (8) . Briefly, a protein crystal is pressurized with helium gas and is then cooled to 77 K, locking in collective pressure-induced structural changes (8, 9) . After pressure release, the protein molecules composing the crystal will retain many of the collective changes of the pressurized state, as long as the crystal temperature remains well below the protein glass transition temperature (9, 14, 21) . Citrine crystals were prepared at pressures ranging from 50 to 500 MPa (13) . Each structure at every pressure is derived from a different crystal at cryogenic temperatures. The high resolution limit of the datasets was typically <2 Å (13) . The Citrine structures used in this analysis are listed in Table S1 .
The fluorescence spectra of high-pressure cryocooled Citrine samples were recorded using a custom microspectrophotometer described previously (13) . As the fluorescence spectra of YFPs are known to be sensitive to changes in solution pH (22) , the choice of buffer was considered carefully. Citrine displayed a similar response to pressure under various buffers at room temperature (Section S2 of the Supporting Material), in agreement with reports that Citrine is less sensitive to changes in pH than other Aequorea YFPs (20) . Nonetheless, buffers with low volume changes of ionization were selected to stabilize the pH for crystallization and spectroscopy (23, 24) .
To calculate the overall volume reduction of Citrine, the external surface and surfaces of internal cavities present in each solvent-stripped structure were identified and traced with the reduced surface computation program MSMS (25) using a 1.2 Å radius probe. The surfaces identified by MSMS were used to compute the volume enclosed by the external surface of each Citrine structure (the excluded volume) and the volumes of the cavities present in the interior of each Citrine structure. The net volume of each structure was computed by subtracting the total internal cavity volume from the excluded volume of the structure.
Clusters of residues that move in concert with increasing pressure in the series of Citrine atomic structures were identified using the heuristic clustering algorithm, RIGIMOL (DeLano Scientific LLC, Palo Alto, CA). Input coordinate files to RIGIMOL were prepared with PYMOL (DeLano Scientific LLC). Structural properties of Citrine atomic structures such as inertia tensors, centers of mass, and principal axes were computed using custom software implemented in PYTHON with use of the NUMPY numerical library. Fitting of structural parameters was carried out using the IPYTHON program and the NUMPY and SCIPY numerical libraries. Detailed discussion of the clustering algorithm and inertia tensor analysis can be found in Section S3 of the Supporting Material.
RESULTS

Nonisotropic volume reduction of Citrine under pressure
The deformation of Citrine due to pressure is very small in comparison to the overall dimension of the molecule. The (26) . The displacement of the a-carbons over this pressure range is small in magnitude when compared to the overall dimension of the protein. A plot of the average displacement of the a-carbon of each residue under a pressure increase from ambient pressure to 400 MPa is shown in Fig. 2 . We estimate that the uncertainty in the displacements of the a-carbons is z0.2 Å , as indicated by the apparent ''noise threshold'' in Fig. 2 (9,11) . In addition to the displacements seen at the disordered N-terminus of Citrine, there are numerous residues that were displaced by several times the noise threshold. Two notable displacements highlighted in Fig. 2 are the pressure-induced displacements of the main chromophore and Tyr
203
, consistent with our previous report of the deformation of the chromophore (13) . It is important to emphasize that although there are likely many residues in the structure of Citrine where the displacement due to pressurization is <0.2 Å , the positional uncertainties (27) on the Citrine structures do not permit the definitive identification of displacements smaller than the noise threshold (9,11) (Section S5 and Table S1 of the Supporting Material).
It is noted that the magnitudes of the residue displacements are nonuniform, suggesting the nonisotropic nature of the compression of Citrine, despite Citrine's overall linear volume reduction with pressure (Section S4 and Fig. S7 of the Supporting Material). Consistent with this, a distance difference matrix of the structures at 0.1 and 400 MPa show both the contraction and expansion of distances between residue pairs (Section S6 and Fig. S8 of the Supporting Material). If the compression of Citrine under high pressure were isotropic and homogeneous, we would expect that the relative orientation of the two elements of the chromophore would be retained with increasing pressure. However, the two chromophore elements slide apart with very little change in vertical separation with increasing pressure (13) .
Principal axis and clustering analysis of Citrine compression
To further quantify the nonisotropic compression of Citrine, we analyzed the relative motion of clusters of atoms in the series of high-pressure Citrine structures. The b-barrel and the central 3-10 helix of Citrine were extracted from the series of high-pressure structures and aligned using the least squares fitting algorithm incorporated into PYMOL. The clustering algorithm RIGIMOL was used to identify clusters of atoms that move in concert with increased pressure. This analysis was restricted to the b-barrel and central 3-10 helix to avoid domination of the analysis by the disordered regions of the protein. The identification of clusters was found to be very reproducible, largely independent of choice of input structures (RIGIMOL can only take one structure per pressure as input), clustering algorithm parameters, and structural refinement method. (A description of the validation tests carried out on the RIGIMOL algorithm may be found in Section S3 of the Supporting Material.)
The clustering algorithm identified two clusters of atoms in the b-barrel and central 3-10 helix of Citrine that move with respect to one another as the pressure applied to the Citrine molecule is increased (Fig. 3 ). An important feature of the cluster assignment is that the perturbing Tyr 203 is attached to cluster 1, whereas the main chromophore is attached to cluster 2. Over the investigated pressure range, the center of mass of cluster 1, containing the perturbing Tyr 203 ring, moves by zÀ0.2 Å in the x-direction with respect to that of cluster 2, which contains the main chromophore. For ease of reference, the coordinate axes used in this discussion are the same as those used by us in our prior work on the deformation of the chromophore of Citrine (13) . This coordinate system is shown in Figs. 1 and 5. The cluster 1 center of mass appears to move relative to cluster 2 in the y-direction. However, this y-direction motion is small in comparison to the uncertainty on this motion, especially the displacement at 400 MPa. For this reason, it is difficult to discern if this motion is linear, perhaps extending to zÀ0.05 Å by 500 MPa, or curved; returning to z0.0 Å at 500 MPa. There is no discernible motion in the z-direction.
Principal axis analysis shows that another component of the cluster movement is rotation. The principal axes of each cluster were found by computing the eigenvectors of the cluster's inertia tensor using the NUMPY numerical library. The principal axes were shown to rotate relative to one another by 1 -2 over 500 MPa (Figs. 4 and 5), suggesting a slight bending of the Citrine b-barrel wall. Consistent with this bending, principal axis analysis of the entire b-barrel wall suggests a redistribution of mass toward the side of the b-barrel wall containing Tyr 203 (Section S7 of the Supporting Material). To investigate the effect of cluster motion on the chromophore, the pressure-induced translation and rotation of cluster 1 relative to cluster 2 were extracted and applied to Tyr 203 of the ambient pressure structure, keeping the main chromophore fixed. Under these operations, Tyr 203 moved in the negative x-and y-directions with respect to the main chromophore, consistent with the actual direction of movement observed at high pressure (13) (Fig. 5 ). This result suggests that the cluster translation, coupled with the slight rotation of the principal axes of the clusters, could possibly produce sufficient leverage to actuate the relative motion of the two elements of the Citrine chromophore.
Perturbation of hydrogen bonding network in chromophore cavity
We reported previously that the fluorescence peak of Citrine shifts to the blue with increasing pressure (13) . Accompanying this blue-shift is a considerable reduction in fluorescence intensity, implying either a reduction in the quantum yield, a change in the absorption spectrum of Citrine, or both. The fluorescence peak intensity of Citrine solutions, high-pressure cryocooled at a range of pressures from 50 to 360 MPa, is shown in Fig. 6 . The fluorescence peak intensity initially increases, from 0.1 MPa to 50 MPa, and then decreases. By a pressure of 200 MPa, the peak Citrine fluorescence intensity is z1/100th of its value at 50 MPa. Reports by Mauring et al. (28) and Ganesan et al. (29) suggest that the fluorescence intensity of Citrine may be modulated by the length of the hydrogen bond between the chromophore phenolic oxygen and the d 1 -nitrogen of His 148 . The His 148 d 1 -nitrogen to chromophore phenolic oxygen bond increases by 0.4 Å under a pressure increase from 0.1 to 500 MPa (Fig. 7) .
In addition to the His 148 d 1 -nitrogen to chromophore phenolic oxygen bond, the main chromophore is stabilized by several other hydrogen bonds. A simplified schematic of the hydrogen-bonding network stabilizing the Citrine Biophysical Journal 97(6) 1719-1727 chromophore is shown in Fig. S10 A. Plots of behavior of other bonds in the chromophore cavity are shown in Fig. S10 B. A description of the behavior of the other bonds under pressure may be found in Section S8 of the Supporting Material.
DISCUSSION
Reduction in fluorescence intensity with increasing pressure
Experiments on other Aequorea fluorescent protein (AFP) mutants suggest that the reduction in fluorescence intensity of Citrine under high-pressure cryocooling (Fig. 6 ) may be due to pressure-induced disruption of the chromophore cavity hydrogen-bonding network (18) . This network serves to anchor the main chromophore, stabilizing the chromophore excited state, preventing nonradiative decay and facilitating the high quantum yield of the molecule (28). Niwa et al. (30) noted that certain analogs of the GFP chromophore (isolated from the b-barrel) absorb light yet are nonfluorescent at room temperature, but when frozen to cryogenic temperatures become fluorescent (30) . Computer simulations indicate that in vacuum, the chromophore is fluorescent, whereas in liquid, the excited state of the molecule de-excites by quenching (31) . Mauring et al. (28) showed that the application of high pressure to an Aequorea blue fluorescent protein (BFP) increased the quantum yield of the molecule. The central residue of the BFP chromophore is a histidine, a shorter residue than the tyrosine normally found at the center of an AFP chromophore. This shortened chromophore is unable to link to the chromophore cavity hydrogenbonding network, leading to destabilization of the chromophore excited state. As a result, BFPs display lower quantum yields than other AFPs (28) . Mauring et al. (28) attributed the pressure-induced increase in the quantum yield to the reattachment of the BFP chromophore to the chromophore cavity hydrogen-bonding network as the cavity was compressed.
Although the behavior of Citrine and EYFP (enhanced YFP) (32) under high pressure is the opposite of BFP (the fluorescence intensity reduces), the structural mechanism may be the same (perturbation of the chromophore cavity hydrogen-bonding network). The mutation H148V in YFP Analysis of the Deformation of Citrineremoves a critical link in the hydrogen-bonding network attaching the phenolic oxygen of the main chromophore to the His 148 d 1 -nitrogen and results in an 82% reduction in the fluorescence intensity with only a 15% drop in absorption (29) . We speculate that the pressure-induced increase in this bond length is responsible for the reduction in fluorescence intensity of Citrine shown in Fig. 6 .
Shifts in the absorption and fluorescence peaks of Citrine with increasing pressure at room temperature ( Fig. S1 ) indicate that the Citrine absorption and fluorescence peaks maintain a constant Stokes shift. If this behavior is maintained at low temperature, then the absorption peak should blue-shift with increasing freezing pressure. As the high-pressure cryocooled Citrine solutions studied here were excited at 473 nm, the blue edge of Citrine absorption spectrum (the absorption peak at 0.1 MPa is 514 nm), we would expect absorption to increase with increasing freezing pressure. Thus, we speculate that the reduction in quantum yield of Citrine may be even greater than is implied by the reduction in fluorescence intensity seen in Fig. 6 .
Deformation of the Citrine scaffold
The deformation of the Citrine scaffold can be thought of as the slight bending of the b-barrel scaffold. A cartoon representation of this deformation is shown in Fig. 8 . As the pressure applied to the molecule is increased, the main chromophore remains anchored to cluster 2, attached to the central helix. However, the side of the b-barrel wall containing the perturbing Tyr 203 ring and stabilizing His 148 residue, moves away from cluster 2, carrying these two important residues with it. The large expansion of the distance from the central 3-10 helix to the wall of b-barrel in the vicinity of Tyr 203 can be seen in the highlighted region in the distance difference matrix in Fig. S8 .
It is interesting to note that the fluorescence peak intensity of all AFPs studied under pressure (13, 32) increases with applied pressure, with the exception of the YFP types. The unusual pressure response of the YFPs at room temperature (32) and at cryogenic temperatures (13) , may plausibly be due to a YFP structure that predisposes the YFP-type molecules to the bending behavior observed here.
There is no evidence that the crystalline environment significantly affects the fluorescence properties of the Citrine molecule relative to a solution of Citrine at equivalent concentration. The high optical density and overlapping absorption and fluorescence spectra of Citrine crystals, all of which had slightly different sizes, made it difficult to reproducibly measure the position of the peak of the fluorescence spectra of pressure cooled Citrine crystals. Thus, we were forced to seek a substitute: pressure cooled solutions in capillaries (13) . The fluorescence spectra of a very small, flash frozen Citrine crystal and a flash frozen dilute solution of Citrine are plotted in Fig. S11 for comparison. The similarity of these two spectra suggests that the crystalline environment does not significantly perturb the fluorescence properties of Citrine. As pressure-induced unfolding is not expected to occur in the solution state of Citrine below at least 1000 MPa (33) , it is plausible that the pressure effects captured in the crystalline state represents those in the solution state within the explored pressure range. This is reasonable as the deformation of Citrine in the crystal state is not a response to a directionally applied external force. As opposed to typical small molecule crystals, the fluid water channels intrinsic to most protein crystals constitute approximately half of the crystal mass and transmit hydrostatic pressure to each protein. A force originating at the surface of the crystal is not transmitted through covalent or metal bonds from molecule to molecule as happens in a small molecule crystal or a metal. There is no pressure gradient across the volume of the crystal: identical, uniform hydrostatic pressure is transmitted by the solvent channels to each molecule. Thus, the protein deformation in response to pressure is not due to an externally applied force per se; rather it results from pressure-dependent interactions of the molecule.
For example, it is known that the degree of ionization (34), hydration (34, 35) , and hydrogen bonding (34,36) of many amino acid residues are pressure dependent. It has also been shown that pressure changes the water occupancy of internal cavities (10, 11, 37, 38) . One expects that as these interactions change with pressure, the conformation of the protein will change in response. The fact that pressure is transmitted to the individual molecules in the crystal also argues that the resulting deformations are similar to those expected for the same molecule in solution, and differ only in so far as molecular contacts in the crystal change the surface exposure to water or constrain large deviations in protein structure. This belief is supported by earlier observation that both crystals and solutions of Citrine display the same release in the blue-shifting effects of pressure when warmed above the glass transition temperature and then recooled (13) . This suggests that the structures of Citrine in the crystal and in solution do not diverge at elevated pressure. This contention is further supported by the similar response to pressure of the structure of hen egg-white lysozyme when measured by x-ray crystallography (6) and by high-pressure solution NMR (4) .
At room temperature, the main chromophore of YFP protrudes slightly further, by z0.9 Å , into the chromophore Biophysical Journal 97(6) 1719-1727 cavity than the chromophore in the EGFP structure (18) . This preexisting deformation, possibly induced by the presence of the perturbing Tyr 203 residue, may slightly weaken the YFP structure and predispose it to the bending behavior seen under high-pressure cryocooling. This bending behavior may be analogous to macroscopic structures failing at the weakest point.
Although the structure of Citrine and the response of its structure to high pressure are no doubt subtly different to that of wild-type GFP (wtGFP), the extension in path length from the phenolic oxygen to the 3 2 -oxygen of Glu 222 ( Fig. S10 ) may also provide a framework for explaining the subtle pressure-induced red-shift in fluorescence peak of wtGFP (39) . In the Citrine structures presented here, the distance from the phenolic oxygen of the main chromophore to the HOH-1 solvent molecule to the 3 2 -oxygen of Glu 222 increases by z0.5 Å from ambient pressure to 500 MPa. The increase in this distance should have no impact on the fluorescence properties of Citrine as excited state proton transfer from the main chromophore to Glu 222 seems to play no role in the fluorescence mechanism of AFPs mutants containing phenolate anion chromophores (19) . However, excited state proton transfer does play a role in the fluorescence mechanism of wtGFP, and the extension of the proton transfer path may be responsible for modification of the fluorescence properties of wtGFP under pressure (40, 41) .
An important observation from our earlier work (13) is that the fluorescence peak of Citrine approaches 510 nm, the fluorescence peak of EGFP under ambient conditions, as the pressure applied to the molecule is raised to >350 MPa. This shift to the green of the fluorescence peak is due to the removal of the perturbing effect of Tyr 203 from the main chromophore (13) . The results presented in this study, on the effect of high pressure on the scaffold of Citrine, indicate that the relative sliding motion of the Tyr 203 phenol ring and the main chromophore is actuated by the separation of two clusters that compose the b-barrel wall and central 3-10 helix. This observation may provide a structural explanation for the observation of Blum et al. (42) that a single molecule of YFP (19, 20) occasionally becomes dark, and then adopts a spectrum closely resembling the spectrum of bulk EGFP (19, 43, 44) , before returning to a spectrum close to that of bulk YFP. It is known that many protein molecules fluctuate between a number of conformations (45) . We speculate that at room temperature, YFPs may occasionally adopt a configuration structurally similar to the bent state seen at high-pressure. The bent scaffold of this state may transiently stabilize the main chromophore-Tyr 203 separation needed for the molecule to fluoresce in the green. Single molecule experiments indicate that single enzymes display a range of catalytic rates (46,47), and switch between them, in much the same way that a single YFP molecule switches between several spectra (42) . This result suggests that the high-pressure cryocooling technique may be useful for accessing the atomic structures of transiently populated enzyme states that are presently only observable in single molecule experiments. Experiments by Urayama et al. (9) indicated that high pressure stabilizes the structure of a room temperature conformational and functional substate of myoglobin. It is possible that the dark state of YFP observed by Blum et al. (42) is one in which the stabilizing interaction between the main chromophore and His 148 is completely lost. The structural information available on Citrine at high pressure may inspire structural modifications to Citrine that may permit the Citrine molecule to remain in the blue-shifted transient state for longer, or even permanently stabilize it. It may be possible to induce the bending of the Citrine scaffold seen at high-pressure under ambient conditions by repacking the Citrine scaffold by mutating or adding residues along the interface of these two clusters. On this basis, Fig. S12 shows several possible sites where one would logically seek to introduce mutations. To replicate the bending seen at high pressure, it is required that cluster 1 move down and to the right in the Fig. S12 . It is interesting to consider if this may be achieved by simultaneously mutating residues on the left hand interface between clusters 1 and 2 to bulkier residues, and mutating those on the right hand interface to less bulky residues, while keeping other properties of the residues as similar as possible. to Ala or Gly, leaving Phe 165 unchanged as it is the smallest aromatic amino acid. The success of this strategy would depend on the perturbations of these mutations being small enough to not affect the folding of the b-barrel scaffold. Although a blue-shifted YFP is of little practical value, it would be an important proof of principle. The same strategy may be applied to engineer new AFPs that can switch color in response to a trigger. Such a protein may be useful for single-molecule and imaging techniques. More significantly, if structural perturbations due to pressure of the character observed in Citrine are seen in catalytic proteins, it may be possible to introduce mutations similar to the ones suggested for Citrine to bias a population of catalytic molecules into more active conformations, resulting in an increase in the bulk rate of catalysis. Further discussion of this issue is included in Section S9.
CONCLUSIONS
We have shown that the scaffold of the Citrine molecule deforms under high-pressure. Rather than isotropically compressing, the high-pressure deformation of Citrine is nonhomogeneous. The Citrine b-barrel is approximately divided into two atomic clusters that move and rotate relative to one another under pressurization. The two elements of the Citrine chromophore, the perturbing Tyr 203 ring and the main chromophore, are each attached to different clusters.
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The relative motion and rotation of these two clusters causes a deformation in the Citrine scaffold that is reminiscent of bending, actuating the separation of the two elements of the Citrine chromophore, resulting in a fluorescence shift of the molecule. In addition to actuating the fluorescence shift of the molecule, the bending of the Citrine scaffold also perturbs the hydrogen-bonding network stabilizing the main chromophore. The most important consequence of this perturbation is an increase in the distance from the main chromophore phenol to the His 148 side chain. The increase in the His 148 to main chromophore distance may plausibly result in a destabilization of the excited state of the chromophore and the consequent dimming of Citrine seen under high-pressure cryocooling conditions (13) and under high hydrostatic pressure (32) .
The bent state of the Citrine scaffold may be highly structurally similar to the transiently observed blue-shifted state of YFP at ambient pressure (42) . This suggests that highpressure x-ray crystallography may offer the possibility of solving the structures of transiently occupied enzymatic states and understanding the structural basis of their differing catalytic rates. These high-pressure structures of Citrine may inspire mutations that permit Citrine to remain in the blueshifted state for longer periods of time.
Finally, these experiments explicitly demonstrate the continuous linkage of a protein scaffold and activity (fluorescence in this case) of the protein. Studies of the effects of pressure on the structure and function of protein molecules yield several insights into the structure-function relationship of these molecules. First, these studies probe the energy landscapes of protein active sites and offer what we believe is new insight on the structural basis of enzymatic catalysis. Second, these studies illustrate the coupling of protein active sites and the protein matrix, giving additional insights into the structural basis of allosteric behavior, especially in monomeric proteins. Third, these experiments may provide structural explanation of the results of single molecule experiments, by allowing the trapping of normally transiently occupied protein states, as we believe was shown with Citrine. Fourth, these studies may highlight the tunability of protein, especially enzymatic activity, and suggest avenues for improving the function of protein molecules under ambient conditions that may not be highlighted by single protein structures, random mutagenesis, or directed evolution methods. CACAO is known to suffer from a number of bugs but has superior graphical presentation abilities to YAEHMOP. Simulations were performed using both programs and the results were compared. Identical results were obtained in all cases presented here.
SUPPORTING MATERIAL
Extended Hückel Theory (EHT) is one of the simplest formulations for computing the quantum mechanical wavefunctions of molecules (2) . For a complete description of the theory, the reader should refer to the recent review of quantum chemical modeling techniques by Cramer (2) . The theory often correctly identifies trends in molecular properties given perturbations to the geometry of the molecule (3).
Justification For Use of Extended Hückel Theory
Several observations indicate that it may be justified to use a simple Extended Hückel Theory model describe the shift in the fluorescence peak of Citrine with high pressure. Most importantly, at least at room temperature, the fluorescence and absorption peaks of Citrine move together as the pressure applied to the molecule is increased. This suggests that arguments about the energy landscape of Citrine that might normally be applied only to the absorption spectrum may also be applied to the fluorescence spectrum. The absorption and emission peaks of Citrine at room temperature are shown as a function of pressure in fig. S1 . In addition, the Citrine fluorescence lifetime is very short, ≈ 3.6 ns (4), and the absorption and emission spectra of the molecule are symmetrical about their overlap point. Thus, it is reasonable to believe that a simple Franck-Condon model of fluorescence may reasonably describe the fluorescence mechanism of Citrine (5). This model is described in detail in chapter 1 of the text by Lakowicz (5) . In this model the absorption and fluorescence of light is due to the radiative transitions of electrons between the vibrational substates of two electronic energy levels of a chromophore: usually the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The Stokes shift of the fluorescence, the red-shift of the fluorescence peak when compared with the absorption peak, is due to non-radiative energy loss by the electrons involved in absorption and fluorescence due to transitions between the vibrational substates of the HOMO and LUMO.
X-ray crystallographic structures of protein molecules under high pressure (6) (7) (8) (9) (10) (11) (12) indicate that pressures up to a few hundred MPa do not significantly alter covalent bond lengths in protein molecules. Additionally, experiments by Isaacs et al. (13) suggest pressures in the same range will also not appreciably alter the vibrational frequencies of the atoms in the Citrine chromophore. Thus, it is not unreasonable to believe that the energy spacing of the vibrational energy levels of the Citrine chromophore will be unaffected by the application of pressures up to a few hundred MPa. For these reasons, it is plausible that the fluorescence peak shift of the Citrine molecule under high pressure may be due to the variation of the energy band-gap between the ground state of the chromophore, the HOMO, and the first excited state of the chromophore: the LUMO.
This may allow an extended Hückel calculation of the HOMO-LUMO band-gap to be used to semi-quantitatively explain the fluorescence shift of the Citrine molecule under high pressure in terms of the deformation of the Citrine chromophore structure by high pressure.
Results of Extended Hückel Simulations of Fluorescence Peak Shift of Citrine
We used truncated versions of the high-pressure structures of the Citrine chromophore (table S1) as inputs to the YAEHMOP code, and calculated the corresponding band-gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the chromophore. The truncated chromophore input into the YAEHMOP code is shown in fig.  S2 .
The results of the extended Hückel computation are shown in fig. S3 . Fig. S3 shows the measured and average calculated shift in energy of the fluorescence peak from its value at ambient pressure. The value of the measured fluorescence band-gap shift at 500 MPa was taken as that of mEGFP relative to Citrine at 0.1 MPa at ≈ 100 K (500 nm versus 527 nm) (12) . We consider this to be a reasonable estimate of the upper value of the fluorescence band-gap shift.
The calculated shifts shown in fig. S3 , ΔE c P ( ) , from the ambient pressure HOMO-LUMO band-gap are compared with the measured energy shifts at each pressure,
For the measured fluorescence band-gap, the energy shift from ambient pressure, € ΔE m , was calculated from the fluorescence wavelength data shown our earlier work on Citrine (12),
where P 0 is 0.1 MPa.
The measured and calculated fluorescence band-gap shifts, € ΔE m P ( ) and ΔE c P ( ) respectively, are presented in terms of energy, rather than wavelength as the measured and calculated baseline energies and wavelengths are different. We believe that it is unreasonable to expect this simple extended Hückel model of the Citrine fluorescence spectrum to correctly calculate the baseline HOMO-LUMO band-gap given the limited structure input into the model, and that much more sophisticated quantum chemical methodologies appear necessary to accurately estimate the fluorescence peak of the Aequorea fluorescent proteins (14) . However, we do believe it reasonable to expect that this simple perturbation model could accurately calculate deviations from this baseline energy. However, if the results of this perturbation calculation were presented in term of wavelength, the calculated shift would appear inaccurate due to differences in baseline energies. To illustrate
Binomially expanding the inverse term,
(S1.4)
As
€ ΔE E 0 is on the order of 1/100th for wavelength shifts of several nanometers from baseline wavelengths of several hundred nanometers,
(S1.5)
Thus, as wavelength shifts are scaled by the inverse square of the baseline energy, comparison of two energy shifts from differing baseline energies can be misleading. The comparison of energy shifts, while less intuitive for an optical phenomenon such as a shift in fluorescence peak, is unambiguous.
Errors on the calculated fluorescence energy band-gap were estimated by a Monte Carlo procedure in which the main chromophore was randomly translated and rotated inside the error volume allowed by Cruickshank's positional uncertainty formula (15) . Translations and rotations were performed with the PYMOL molecular graphics and manipulation program (DeLano Scientific LLC, Palo Alto, CA, USA). For the simulation results presented in fig. S3 , 1000 random simulated perturbations were generated for each high-pressure structure. The HOMO-LUMO energy gap was calculated for each slightly perturbed structure with the extended Hückel theory program YAEHMOP. The highest and lowest energy band-gaps calculated in this procedure were recorded and taken as estimates upper and lower limits on the HOMO-LUMO band-gap for each high pressure Citrine structure, given the estimated positional uncertainty on the structure.
The calculated data points shown in fig. S3 are the average of the calculated HOMO-LUMO band-gaps for the unperturbed structures at each pressure. The error bars shown in fig. S3 correspond to the average highest and lowest values of the energy band-gap calculated during this random translation and rotation procedure at each pressure.
The baseline energy of the simulated band-gaps, was taken as the value of the energy band-gap of structure citrine0001_2 (PDB accession code 3DPW).
In general, the extended Hückel theory procedure finds reasonable agreement between the measured and calculated shifts in the fluorescence band-gap. This result suggests that the mechanism of the fluorescence peak shift of Citrine under high-pressure cryocooling is the removal of the overlap of the orbitals of the tyrosine 203 phenol from the orbitals of the main chromophore. The result also supports the observed structural deformation of Citrine under high-pressure, suggesting that the deformation motion is real, rather than an artifact of refinement and data collection.
However, it is important to stress that the simple Extended Hückel model of the Citrine fluorescence peak shift is not the final word on the quantum mechanical mechanism of the Citrine fluorescence peak shift due to limitations of EHT.
Firstly, as we have noted before, the EHT model of the Citrine chromophore does not accurately calculate the Citrine fluorescence band-gap energy. At ambient pressure, the calculated fluorescence band-gap corresponds to a wavelength of ≈ 643 nm, while the observed fluorescence peak is 527 nm. As the errors on the calculated peak shift are comparable in magnitude to the peak shift ( fig. S3 ), it is difficult to confirm the accuracy of the calculation. Additionally, it is difficult to confirm if the model produces the correct results for the right reasons.
The discrepancy between the calculated and observed ambient pressure fluorescence band-gap may in part be due to the limited structure input into EHT model of Citrine's fluorescence spectrum. However, the Citrine scaffold is believed to not significantly tune the absorbance of the chromophore (16) . This suggests that the discrepancy in calculated and observed band-gaps is largely due to limitations intrinsic to EHT. Most importantly, EHT does not calculate the effects of electron-electron interaction. This limitation is particularly serious, as it does not permit calculation of changes in energy levels due to photo-excitation of the chromophore. This limitation also excludes the possibility of identifying small conformational changes to the chromophore upon photo-excitation.
More sophisticated methodologies have been applied to the fluorescence spectrum of the Green Fluorescent Protein chromophore. Toniolo et al. (16) used a combined semi-empirical quantum mechanical/molecular mechanical (QM/MM) simulation to explore the effects of solvation on the fluorescence lifetime of the chromophore. Toniolo et al. (16) found that solvation reduced the fluorescence lifetime of the chromophore by more than an order of magnitude, explaining the reduced quantum yield of GFP chromophore analogs in solution (17) . These simulations suggested that rotation of the chromophore phenol ring relative to the imidazolinone ring was responsible for non-radiative de-excitation of the chromophore.
Sinicropi et al. (14) used a combined QM/MM simulation to calculate the absorption and emission peaks of the wtGFP chromophore. Sinicropi et al. (14) used the CHARMM (Chemistry at HARvard Molecular Mechanics) molecular dynamics package to calculate molecular motion, and an ab initio CASSCF/CASPT2 (Complete Active Space Self-Consistent Field/Complete Active Space with Second-order Perturbation Theory) molecular wavefunction calculation. These calculations (14) ] achieved notable accuracy in estimating the positions of the GFP chromophore absorption and emission peaks under a variety of chromophore cavity conditions.
The high-pressure structures of Citrine and associated spectral information should provide a useful test of these more advanced quantum chemical models of fluorescence.
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S2. Effects of Pressure on the pH of Citrine Solutions
The fluorescence spectra of members of the Aequorea Yellow Fluorescent Protein family, of which Citrine is a member, are known to be sensitive to changes in solution pH (18) . This pH sensitivity of the YFPs complicates the analysis of the effects of high pressure on the fluorescence spectrum of Citrine as the pH of many buffers are known to be sensitive to high pressure as high pressure often favors the association or dissociation of protons (19, 20) . It was very important to clarify the issue of the independence of Citrine's red shift from solvent conditions, so that it would be appropriate to interpret the fluorescence peak shift in terms of structural changes of the protein, a quantity that is measurable by X-ray crystallography, rather than in terms of changes to the electrostatic environment of Citrine due to changes of pH of the solvent.
Buffers for crystallization and spectroscopy of Citrine were selected for insensitivity to pressure. The buffering properties of Tris and acetate are known to be largely insensitive to pressure (19) (20) (21) . We are unaware of reports on the pressure sensitivity of HEPES. Additionally, Citrine is known to be less sensitive to changes in pH than other Aequorea Yellow Fluorescent Proteins (22) .
Citrine displayed an almost identical shift in fluorescence peak in HEPES at pH 7.5, Tris at pH 7.5 and acetate at pH 5.0. This result implies that the fluorescence peak shift of Citrine under pressure observed in our earlier work on Citrine (12) is mechanical in nature, and a direct result of the deformation by pressure of the protein's structure, rather than an effect that is mediated by the protein's solvent. Plots of Citrine's fluorescence peak versus applied hydrostatic pressure at room temperature in different buffering solutions are shown in fig. S4 .
S3. Validation of Clustering Algorithm
To further quantify the non-isotropic compression of the Citrine structure under high pressure, we sought to identify groups of atoms in the Citrine structure that move in concert under the application of high pressure. The high pressure structures of hen egg white lysozyme (6, 10) and of T4 lysozyme (9) show the existence of domains of differing compressibility.
The existence of groups of residues that move in concert with increasing pressure was first suggested by manual inspection of animated distance difference matrices (for an example of a distance difference matrix see fig. S8 ) of the high-pressure Citrine structures. Each frame in the animation corresponded to a colored, averaged distance difference matrix between the ambient structures of Citrine and the structures at an elevated pressure.
This visual analysis hinted at the presence of residues that maintained an approximately constant distance between one another with increasing pressure, yet showed varying distances between themselves and other residues not in the cluster. However, this visual analysis was tedious, and somewhat sensitive to the vagaries of the eye and mind of the inspector. The eye of the author is much more sensitive to the motion present in these animations, and is poor at selecting these patterns in a static image. For this reason, while it was easy to gain a sense that some sort of concerted motion was occurring in the Citrine molecule with elevated pressure, it was hard for the author to definitively draw boundaries between these clusters. Thus, an automated procedure was desired, that would analyze these distance difference maps, and examine them for internal correlations. The proprietary clustering algorithm RIGIMOL that is incorporated into the molecular graphics and manipulation program PYMOL (DeLano Scientific LLC, Palo Alto, CA, USA) performs this task: automated analysis of distance difference matrices between structures. RIGIMOL was originally developed to interpolate between two or more distinct structures of a protein, for instance between the open and closed states of a hinged protein, and produce a trajectory between the two states, for the purposes of producing an animation of the trajectory.
RIGIMOL rapidly identified what we believe to be the defining feature of the Citrine deformation: the presence of two groups of residues that compose the β-barrel. As protein domains tend to be visually distinguishable, while the Citrine molecule is at first inspection, cylindrically symmetrical, these groups of residues were termed clusters. It was very important to definitively validate the cluster assignment produced by the RIGIMOL algorithm, to reduce the possibility that the identification of these two clusters was simply an artifact of the clustering algorithm, perhaps due to random coordinate error due to coordinate uncertainty in the Citrine structure. For this reason, the clustering algorithm was re-run many times with different Citrine structures, different portions of the Citrine structure, different refinement model-sets and different values for the clustering algorithm parameters. The reproducibility of the clustering assignment was checked in each of these cases.
While these clustering-assignment reproducibility experiments consistently identified the presence of two clusters in the β-barrel of the Citrine molecule, the location, relative size, and boundary between these two clusters varied from experiment to experiment.
The RIGIMOL algorithm permits the user to select a variety of clustering parameters including the maximum allowed aspect ratio of a cluster and threshold positional and angular displacements above which atoms are no longer considered part of a cluster and the minimum size of a cluster. It was found that the cluster-assignment, at least in the case of Citrine, was largely insensitive to the clustering algorithm parameters.
The cluster-assignment reproducibility experiments found that the clustering assignment is heavily dependent upon the choice of input structures. RIGIMOL takes a series of structures as an input. However, RIGIMOL cannot interpret sequences of structures containing multiple equivalent structures, for instance, two structures at the same pressure. For this reason, multiple sequences with different structures at each pressure were tried. The experiments were also repeated with sequences of structures derived from two different sets of high-pressure atomic models of Citrine. Refinement set 1 was derived from diffraction data that was truncated at a resolution where the average signal-to-noise calculated by SCALA (<I>/<σ>) was 3.0. Refinement set 2 was derived from same original diffraction data, but was not truncated. The models included in refinement set 2 are listed in table S1 and were deposited in the Protein Data Bank. The analysis presented in this article uses the Citrine atomic models from refinement set 2.
The sensitivity in the results of the clustering assignment to the choice of input structures is intuitively understandable. Some regions of the Citrine structure: the N-terminal α-helix, the Cterminus and the floppy β-strand composed of residues 143 to 148 show disorder and are highly variable from structure to structure, even at the same pressure. For this reason, it was suspected that random errors in the positions of atoms in these regions would bias the clustering analysis, and mask the real, but smaller pressure-induced concerted motions present in the well-ordered β-barrel scaffold. For this reason, we focused on finding a subset of the Citrine structure that would produce highly similar clustering results independent of the choice of input structures.
We found that the subset of the Citrine molecule that produced the most reproducible clustering assignment consisted of the central 3-10 helix and β-barrel walls, without the floppy β-strand composed of residues 143 to 148. Fig. S5 shows the results of the clustering analysis for refinement sets 1 and 2. The results of the clustering assignment, using the reduced Citrine structure shown in fig. S5 , appear to be highly similar, independent of refinement set. This gives some confidence that the deformation motion identified by the RIGIMOL algorithm is real, and not an artifact of the algorithm.
S4. Volume Reduction of Citrine Molecule Under Pressure
The overall volume of the Citrine molecule reduces under high pressure. The external surface and surfaces of internal cavities present in each solvent-stripped Citrine structure were identified and traced with the reduced surface computation program MSMS (23) using a 1.2 Å radius probe. The surfaces identified by MSMS were used to compute the volume enclosed by the external surface of each Citrine structure (the excluded volume) and the volumes of the cavities present in the interior of each Citrine structure. The net volume of each structure was computed by subtracting the total internal cavity volume from the excluded volume of the structure. Plots of the averaged excluded volume and averaged net volume of the solvent-stripped Citrine structures are shown as a function of pressure in fig. S7 .
Both the excluded volume and net volume of Citrine decrease by approximately 300 Å 3 , or 1.1% over the 500 MPa pressure range investigated. The equal reduction of the excluded and net volumes of Citrine indicates that the volume reduction of the molecule is not accounted for solely by reduction in internal cavity volume. The volume reduction of Citrine over the 500 MPa pressure range gives an isothermal compressibility of
This value is at the low end of the protein compressibility range reported by Heremans and Smeller (24) . The inverse of the isothermal compressibility, the isotropic bulk modulus of Citrine is K = 42.5 GPa. For comparison: K Steel ≈ 160 GPa and K Aluminum ≈ 76 GPa.
S5. Calculation of Noise Threshold on Structural Deformation
A plot of the average displacement of the α-carbon of each residue under a pressure increase from ambient pressure to 400 MPa was shown in fig. 2 of the main text. Fig. 2 shows an estimated noise threshold of ≈ 0.2 Å, below which we believe pressure-induced deformations to the Citrine structure cannot be definitively identified.
By adding the estimated standard uncertainties on the structures of Citrine shown in table S1 in quadrature, we can estimate that the uncertainty in the displacements between pressures: the "noise threshold" seen in fig. 2 (9, 11) . Explicitly, we believe that the estimated standard uncertainty on a displacement of an atom, Δx, between two pressure levels, P 0 and P 1 , should be estimated by the estimated standard coordinate uncertainties at the two pressure levels, σ x, P 0 ( )
The 3 term is incorporated to account for the possibility that the error the coordinates of the atom at each pressure may not be in the same dimension. The Cruickshank uncertainty formula (15) estimates the uncertainty on each component of coordinate of an atom, rather than in the position. To account for the uncertainty in a position, the coordinate uncertainty must be multiplied by 3 (15). Thus, for fig. 2 Σ Δx, 0.1 MPa, 400 MPa ( ) = 3 0.114
It is worth noting, that the apparent noise threshold in fig. 2 is ≈ 0.2 Å, suggesting that the error estimate of 0.27 Å may be slightly too large. This is certainly possible as the Cruickshank error estimation formula only accounts for the diffraction data contribution to the error on the structure (15) . Geometric constraints applied in the refinement of these structures may assist in noticeably reducing the noise threshold for detection of pressure induced perturbations, at least at the maximum diffraction resolutions, 1.5 to 2.5 Å, observed in these experiments (15).
S6. Changes to Secondary and Tertiary Structure of Citrine Under High Pressure
Although the displacement plot shown in fig. 2 of the main text shows the magnitude of structural changes due to pressurization, it does not provide information on the directions of these motions. To further understand the deformation of the Citrine molecule under pressure, a distance difference matrix (10) was calcuated, showing the expansion and contraction of distances between residue pairs in the Citrine structure under a pressure increase from 0.1 to 400 MPa. The distance difference matrix shown in fig. S8 indicates that Citrine does not uniformly compress with pressure: some distances compress (blue regions in fig. S8 ), while others expand (red regions in fig. S8 ) with increasing pressure. The white regions in fig. S8 indicate distances that either compress by more than 0.6 Å, or expand by more than 0.4 Å. The largest expansion of a distance in the whole molecule is by ≈ 2.7 Å, while the largest compression of a distance is by ≈ 1.7 Å. At least one of the residues in the atom pairs that show these large distance compressions and expansions are often observed at the N-terminus of the Citrine molecule. The largest distance compression between residues in the β-barrel is 0.92 Å, and the largest expansion is 0.67 Å.
There are numerous residues that are displaced by several times the noise threshold on the pressure-induced displacement of residues in the Citrine structure. The largest of the deviations in fig. 2 of the main text are at the start (N-terminus) of the primary sequence. This may in part be due to a change in secondary structure of this region with increasing pressure. Calculation of the secondary structure of Citrine with DSSP (25) indicates that the first 10 residues (Pro-1 to Phe8) form an α-helix at ambient pressure. However, with increasing pressure, the number of residues in the N-terminal α-helix is reduced. In structures above 125 MPa, Phe8 consistently (14 out of 16 structures) is no longer part of the α-helix. Leu7 also is not part of the helix in 10 of 16 structures above 125 MPa. The N-terminal residues Pro-1 and Met0 are not part of the helix in 5 of 7 structures above 200 MPa.
However, the large displacements at the N-terminus seen in fig. 2 of the main text cannot be attributed solely to pressure. The N-terminus α-helix and loops of Citrine have poorly resolved electron density, indicating disorder. The variation in α-carbon position between any two structures at the same pressure in the series of high-pressure Citrine structures is of similarly large magnitude to that seen in fig. 2 . It is interesting to note that N-terminal primary sequence deletions up to Phe8, the same residues that show changes of secondary structure with increasing pressure, have no impact on the folding or maturation of the Green Fluorescent Protein (26) . This suggests that changes of the secondary structure up to Phe8, while notable, do not affect the spectral properties of Citrine. Additionally, the N or C terminus (or both) of YFP and other Aequorea fluorescent proteins can be fused to other materials, including proteins, without changing the spectral properties of the molecule (27) . Therefore, we believe that these large spatial deviations seen at the N-terminus are decoupled from the pressure-induced actuation of the chromophore deformation.
The secondary structure of the 3-10 helix that fills the center of the β-barrel and the walls of the β-barrel is retained up to at least 500 MPa. These results are consistent with the spectroscopic observations by Scheyhing et al. (28) and Herberhold et al. (29) that suggest that the tertiary structures of Aequorea fluorescent protein molecules are stable to unfolding until pressures of at least 900 MPa and up to 1300 MPa for many mutants.
In addition to the displacements seen at the disordered N-terminus region of Citrine, there are numerous residues that also displaced by several times the noise threshold. Two notable displacements highlighted in fig. 2 are the pressure-induced displacements of residues 66 (the main chromophore) and Tyr203, consistent with our previous report of the deformation of the chromophore (12) . It is noted that the magnitudes of the residue displacements are non-uniform, suggesting non-isotropic compression of Citrine.
S7. Inertia Tensor Analysis of Citrine β-barrel Scaffold
The principal axes of the Citrine β-barrel wall were computed (30) to provide more intuitive insight into the pressure-induced deformation of Citrine. The residues involved in β-sheet interactions in the β-barrel region of the Citrine molecule were extracted from the series of highpressure Citrine structures. The analysis was limited to the β-barrel wall to avoid being dominated by the disordered regions of the structure. The α-carbons of the extracted structures were first aligned using the least squares fitting algorithm incorporated into PYMOL (DeLano Scientific LLC, Palo Alto, CA, USA) prior to computing the inertia tensor of each structure. The principal axes of each β-barrel structure were found by computing the eigenvectors of the structure's inertia tensor and associated eigenvalues using the NUMPY numerical library. A diagram showing the orientation of the principal axes of the Citrine β-barrel at ambient pressure is shown in fig. S10A . The number 2 principal axis is directed approximately along the cylindrical symmetry axis. Principal axes 1 and 3 are mutually perpendicular and lie approximately in the plane of cylindrical symmetry.
As the Citrine molecule is pressurized, the number 1 β-barrel wall principal axis remains largely fixed in direction relative to the reference frame defined by the alignment of the β-barrel structures. The other two principal axes, 2 and 3, approximately rotate about principal axis 1. A plot of the averaged angular deviation of principal axis 3 from its room pressure direction is shown in fig. S10B . The angular deviation of principal axis 3 from its room pressure direction proceeds linearly up to the maximum pressure observed of 500 MPa at a rate of ≈ 0.5˚ per 100 MPa. The directions of drift of principal axes 2 and 3 are shown in fig. S10A . The slight reorientation of the principal axes of the Citrine β-barrel wall indicates a redistribution of mass on the wall of the Citrine β-barrel. The direction of the drift of the principal axes suggests a motion of mass towards the side of Citrine β-barrel to which the perturbing Tyr203 ring is attached (see fig. S10A ).
The eigenvalues of the inertia tensor of the Citrine β-barrel wall are an indicator of the radius of the β-barrel wall and the height of the β-barrel. For an ideal, thin walled cylinder of mass m, radius r and height h, the eigenvalue associated with the principal axis aligned with the cylindrical symmetry axis is
The eigenvalues associated with the principal axes lying in the cross section of the thin walled cylinder are
Given that the amino acid mass of the cylinder is constant, the eigenvalues are sensitive indicators of the dimensions of the cylinder.
While the eigenvalues associated with principal axes 1 and 3 reduce with pressure, the eigenvalue associated with principal axis 2 remains relatively constant. The reduction of eigenvalues 1 and 3 is consistent with the overall compression of the molecule under pressure of approximately 1.1% over 500 MPa. However, the constancy of eigenvalue 2 suggests that the side of the β-barrel wall close to principal axis 2 may not be compressing. This observation indicates that rather than isotropically compressing, part of the wall of the β-barrel in the vicinity of principal axis 2 may be retaining its original radius of curvature, appearing to bulge out as other sections of the wall reduce in radius of curvature. The Citrine molecule β-barrel appears to be bending under pressure, in a manner reminiscent of the bending of a bimetallic strip under heating.
S8. Perturbation of Hydrogen Bonding Network in Chromophore Cavity
Most of the hydrogen bonds in the chromophore cavity hydrogen bonding network show very small changes in length with increasing pressure. The distance between the Leu68 amide nitrogen and the solvent molecule HOH-2 (bond 3 in fig. S10A ) shows no variation with pressure. The chromophore oxygen-2 to Arg96 amide nitrogen distance (bond 2 in fig. S10A ) varies by less than 0.1 Å over 500 MPa, as does the Tyr203 phenolic oxygen to HOH-2 distance (bond 4 in fig. S10A ). The Ser205 γ-oxygen to the HOH-1 solvent molecule distance (bond 7 in fig. S10A ) compresses by 0.1 Å over the pressure range 0.1 to 50 MPa, and then remains constant up to a pressure of 500 MPa. The bond between the chromophore phenolic oxygen and HOH-1 (bond 8 in fig. S10A ) increases in length by ≈ 0.1 Å at a pressure ≈ 250 MPa, and then recompresses to its original length by 500 MPa. The bond between the carbonyl oxygen of Asn146 and HOH-1 (bond 9 in fig. S10A ) also expands by ≈ 0.25 Å at a pressure of 250 MPa, and the recompresses by 0.2 Å by 500 MPa.
Three bonds that do show large variations with pressure are those between the His148 δ 1 -nitrogen and the chromophore phenolic oxygen (bond 1 in fig. S10A ), the Glu222 ε 1 -oxygen and the HOH-2 solvent molecule (bond 5 in fig. S10A ), and chromophore nitrogen-2 and Glu222 ε 2 -oxygen (bond 6 in fig. S10A ). The bond 1 ( fig. S10A ) distance increases by 0.4 Å over 500 MPa, while bond 5 and bond 6 (fig. S10A) compress from 3.8 to 3.4 Å and 4.0 to 3.0 Å over 500 MPa, respectively.
S9. Speculation on Modifications to Citrine Structure
We speculate that the structural information available on Citrine at high pressure may inspire structural modifications to Citrine that may permit the Citrine molecule to remain in the blueshifted transient state observed by Blum et al. (31) for longer, or even permanently stabilize it. It may be possible to induce the bending of the Citrine scaffold seen at high-pressure under ambient conditions by repacking the Citrine scaffold by mutating or adding residues along the interface of these two clusters. On this basis, fig. S12 shows several possible sites where one would logically seek to introduce mutations. To replicate the bending seen at high pressure, it is required that cluster 1 move down and to the right in fig. S12 . It is interesting to consider if this may be achieved by simultaneously mutating residues on the left hand interface between clusters 1 and 2 to bulkier residues, and mutating those on the right hand interface to less bulky residues, while keeping other properties of the residues as similar as possible. (36) . Some of these transiently occupied states have higher activities than a bulk sample of the enzyme (the time-averaged activity of a single enzyme). If it were possible to somehow stabilize the transiently occupied states, or just enhance the lifetime of these states, then the bulk rate of the enzyme could be enhanced.
Experiments by Urayama et al. (11, 37) indicate that the high-pressure structure of sperm whale myoglobin corresponds to a transiently occupied room temperature, room pressure substate of sperm whale myoglobin. We believe that the high-pressure structures of Citrine that we have presented in this report, also corresponds to a transiently occupied state of Citrine at room temperature and pressure: the green-emitting state seen by Blum et al. (38) .
High pressure is known to alter the activity of many proteins (39) . Using high-pressure stopped flow techniques Ueda et al. (40) It is possible that in some of these cases, the altered activity of these proteins is due to the molecule increasing the time it spends in conformations that are only transiently occupied at ambient pressure, or continuously transforming into a conformation that closely resembles a transient state at ambient pressure.
If it could be shown that a high-pressure atomic structure of one of these enzymes corresponding to a structural state with an enhanced rate constant, then it might be possible to use the approach first attempted with Citrine to stabilize the structure of the enzyme with the enhanced rate constant, and increase the bulk rate constant of the enzyme. Table S1 : Protein Data Bank accession codes for Citrine structures used in the analysis presented in this article. The ESU (Estimated Standard Uncertainty) shown in column 3 was estimated by Cruickshank's R Free based positional uncertainty formula (15) . Calculated and observed fluorescence peak energy shift for Citrine under high-pressure cryocooling conditions. The final measured point, at 500 MPa, corresponds to the fluorescence peak energy shift of mEGP relative to Citrine at 0.1 MPa (527 versus 500 nm), and is considered as an estimated upper limit on the fluorescence energy shift of Citrine. Note that all elements on this diagonal are zero. The white regions in the matrix, predominantly at the periphery of the protein structure, indicate distances that either compress by more than 0.6 Å, or expand by more than 0.4 Å. The largest expansion of a distance is by ≈ 2.7 Å, while the largest compression of a distance is by ≈ 1.7 Å. The largest expansion of a distance in the β-barrel and central 3-10 helix region, marked by the large black square is ≈ 0.9 Å, and the largest compression is ≈ 0.7 Å. Note the smaller rectangles marking the expansion of the distance from the central 3-10 helix to the section of the β-barrel containing Tyr203. Stereo pair showing speculated mutation sites that may induce bending of Citrine scaffold under ambient conditions. We speculate that it may be possible to induce the bending of the Citrine scaffold seen in fig. 5 of the main text, and drawn as a cartoon in fig. 8 of the main text, by introducing small to large mutations on the left side of the molecule, and large to small mutations on the right side. 
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